The prognostic implications of blood glucose on a wide range of outcomes including early mortality, hospitalizations, and incident diabetes diagnoses have not been fully elucidated in acute heart failure syndromes (AHFS).
Introduction
Acute heart failure syndromes (AHFS) account for a substantial number of emergency department (ED) visits annually 1 and are associated with high short-and long-term mortality rates. 2 At the time of presentation, patients with AHFS may demonstrate a wide spectrum of physiological and metabolic perturbations such as hyperglycaemia, which can occur in up to 40% of patients irrespective of pre-existing diabetes status. 3, 4 In patients hospitalized for acute myocardial infarction (AMI), hyperglycaemia is a marker for short-term mortality. 5 The detrimental effects of hyperglycaemia on the ischaemic myocardium act via a shift towards anaerobic myocardial metabolism through enhanced free-fatty acid utilization and impaired glucose utilization, 6 increased mitochondrial oxidative stress 6 and endothelial dysfunction. 7 However, attempts to extend the association of blood glucose with mortality, observed among patients with AMI, to those with AHFS have been challenging. 3, 4 Despite the potential challenges, if blood glucose measurement is prognostically useful, it may be of broad potential utility because it is a rapid, readily available, and inexpensive test that can be used in the acute setting to allow rapid risk stratification for a wide range of potential outcomes and screening strategies. For these reasons, we analysed the early mortality, hospitalization, and future diabetes risk associated with presentation blood glucose in a population-based cohort of AHFS patients.
Methods

Patient selection
Patients aged ≥18 years residing in Ontario, Canada, who presented to an ED with a primary diagnosis of HF were eligible for study inclusion. Included patients were required to (i) meet Framingham HF criteria 10 and (ii) have a primary diagnosis of HF using the International Classification of Diseases, 10th revision (ICD-10-CA code I50) in the ED or hospital discharge abstract. In the event of repeat visits, the initial hospital presentation was considered the index hospital visit. Research ethics approval was obtained from Sunnybrook Health Sciences Center.
Data sources
The EFFECT and EHMRG clinically abstracted data were anonymously linked to validated administrative databases using the patients' unique, encrypted health insurance number. We obtained information on ED visits from the National Ambulatory Care Reporting System and hospitalizations from the Canadian Institute for Health Information Discharge Abstract Database (CIHI-DAD). All-cause deaths were identified from the Registered Persons Database and cardiovascular mortality was identified from the Ontario Registrar General's vital statistics database. The accuracy of these databases has been previously described. 11 -13 Patients were stratified into those with or without pre-existing diabetes using the Ontario Diabetes Database, a validated registry which tracks incident and prevalent patients diagnosed with diabetes in the population. 14 The
Ontario Diabetes Database has sensitivity 86% and specificity 97% for identifying prevalent 14 and incident diabetes patients. 15 
Definitions and outcomes
We examined the first serum blood glucose measurement drawn upon ED presentation. Patients whose initial blood glucose measurements were obtained .24 h after presentation were excluded. To ensure a homogeneous cohort, patients with initial blood glucose readings at the upper (.33.3 mmol/L) or lower (,3.9 mmol/L) extremes of value were excluded from the analysis, as previously categorized. 3 Patients were subsequently classified according to previously defined blood glucose strata: 3.9-6.1 (referent), .6.1 -7.8, .7.8 -9.4, .9.4 -11.1, and .11.1 mmol/L. 3 We examined death occurring within 30 days and 1-year after ED presentation and longer-term morbidity outcomes after index hospital separation (i.e. ED or hospital discharge). Morbidity outcomes occurring from index hospital separation until 31 March 2012 included: (i) cardiovascular readmissions in all patients with or without diabetes, (ii) HF readmissions in all patients, (iii) diabetes-related hospitalizations among patients with pre-existing diabetes, and (iv) de novo diagnosis of diabetes among those without pre-existing diabetes.
Cardiovascular hospitalizations included admissions for ischaemic heart disease, HF, or other cardiovascular conditions. HF-specific hospitalizations included admissions where HF was the primary diagnosis. As shown in Supplementary material online, Appendix S1, diabetes-related hospitalizations included hospital admissions for hyperglycaemia or hypoglycaemia, skin and soft-tissue infections, and lower extremity amputations not related to malignancy or trauma. 16 Elective hospital admissions with length of stay of ≤1 day were not counted as an outcome event in hospitalization analyses.
Statistical analysis
Continuous variables were expressed as medians with interquartile range (IQR: 25th, 75th percentiles) and compared using the Kruskal -Wallis test. Categorical variables were compared using the x 2 test. We used multiple Cox regression models to estimate the hazard ratios (HRs) for the independent risk of the occurrence of all-cause mortality, adjusting for clinical variables including those comprising the EHMRG and EFFECT HF risk scores, sex, pre-admission medication use (i.e. HMG-coA reductase inhibitor, b-adrenoreceptor antagonist, furosemide, angiotensin converting enzyme (ACE) inhibitor, angiotensin receptor blocker, and spironolactone), and other cardiac and non-cardiac conditions. 2, 9 We also adjusted for administrative data-derived comorbidity models (see Supplementary material online, Appendix S2) by scanning all diagnosis codes in the CIHI-DAD within 1 year before the index HF admission. 17 In a similar fashion, Cox proportional hazards regression models were used to model the effect of presentation blood glucose on the causespecific hazard of the following outcomes: (i) cardiovascular death (treating non-cardiovascular death as a competing risk) and (ii) hospitalizations or de novo diabetes diagnosis (treating death as a competing risk). We also assessed the reclassification of mortality risk with presentation blood glucose by examining continuous net reclassification improvement (NRI). 18 To estimate the magnitude of de novo diabetes, we determined the number of persons in each presentation blood glucose category for every new diabetes diagnosis at 5-year follow-up. Specifically, we used the formula 1/(P c 2 P t ), where P c represents the percentage of de novo diabetes diagnoses in patients with a blood glucose 3.9 -6.1 mmol/L and P t , the percentage of patients with de novo diabetes in the category of interest, essentially estimating the number needed to harm. 19 Hospital admission rates were calculated per 100 patient-years and 95% confidence intervals (95% CI) were determined using the g distribution. 20 Marginal cumulative incidence functions (CIFs) were constructed to illustrate adjusted differences in diabetes incidence between different levels of blood glucose, and a Fine-Gray competing risk regression model was used to model the incidence of diabetes, accounting for the competing risk of mortality. 21 Using the fitted regression model, the CIF for diabetes was computed for each subject in the population, assuming that each subject was in the lowest glucose level. The estimated CIFs were averaged over all subjects, and then repeated for each of the different levels of glucose. This allows for comparison of diabetes incidence between populations that differ in glucose levels, but in which the distribution of all other baseline covariates is identical. Missing left ventricular ejection fraction (LVEF ≤45 vs. .45%) was imputed using a previously validated model. 22 A two-sided P-value of ,0.05 was considered statistically significant. All analyses were performed using SAS 9.3 (SAS Institute, Inc., Cary, NC, USA).
Presentation blood glucose and acute heart failure
Results
Study cohort
Amongst 19 151 HF patients who were either hospitalized or discharged from the ED, the final study cohort comprised 16 524 unique patients ( Figure 1 ). Median age of the cohort was 79 (70-85) years, 8115 (49%) were men, and 9275 (56%) did not have preexisting diabetes (baseline characteristics, Table 1 ). There were 5086 (70%) patients with and 3122 (34%) without pre-existing diabetes whose presentation blood glucose value exceeded 7 mmol/L. The median presentation blood glucose was 8.9 (6.7-12.2) mmol/L in diabetes patients and 6.4 (5.6-7.6) mmol/L in non-diabetes patients (see Supplementary material online, Appendix Figure) .
Association between presentation blood glucose and mortality
Among diabetes patients, a presentation blood glucose exceeding 11.1 mmol/L was associated with significantly increased risk of all-cause mortality compared with blood glucose 3.9-6.1 mmol/L. The adjusted HR was 1.48 (95% CI 1.10-2.00) as shown in Table 2 (P ¼ 0.010). Compared with the EHMRG risk score, there was 15.1% improvement in NRI for 30-day mortality among those with diabetes; however, the confidence limits crossed zero (95% CI 23.8, 38.5%).
In those without pre-existing diabetes, all-cause mortality risk was significantly higher when blood glucose exceeded 6.1 mmol/L ( Table 2 ). The adjusted HRs ranged from 1.26 (95% CI 1.05-1.50) for blood glucose .6.1-7.8 mmol/L (P ¼ 0.013) to 1.50 (95% CI: 1.11-2.02) for values exceeding 11.1 mmol/L (P ¼ 0.008). Cardiovascular mortality risk was higher among patients without pre-existing diabetes whose presentation blood glucose exceeded 6.1 mmol/L ( Table 2) . Adjusted HRs for cardiovascular death ranged from 1.28 (95% CI 1.03-1.59) for blood glucose .6.1-7.8 mmol/L (P ¼ 0.024) to 1.64 (95% CI 1.16-2.33) for values .9.4-11.1 mmol/L (P ¼ 0.006). There was a significant 18.9% improvement in NRI (95%CI; 0.5, 38.8%) for prediction of 30-day mortality by addition of presentation blood glucose to the EHMRG risk score in patients without pre-existing diabetes.
The association between presentation blood glucose and mortality was no longer significant at 1 year in patients with pre-existing diabetes (Supplementary material online, Appendix, Table SA) . However, in patients without pre-existing diabetes, the risk of cardiovascular death was elevated albeit attenuated.
Association between presentation blood glucose and cardiovascular hospitalizations
In the pooled cohort of those with and without pre-existing diabetes (median follow-up 388 [IQR: 56 -1430] days), there was significantly increased risk of hospitalizations with higher presentation blood glucose ( 
Association between presentation blood glucose and diabetes hospitalizations
Among patients with pre-existing diabetes examined over median follow-up 722 (IQR: 177-1815) days, presentation blood glucose .11.1 mmol/L was associated with significantly increased risk of diabetes-related hospitalizations ( Table 4) . When presentation Presentation blood glucose and acute heart failure blood glucose exceeded 11.1 mmol/L, the adjusted HR for diabetesrelated hospitalization was 1.39 (95% CI 1.20-1.61; P , 0.001).
Association between presentation blood glucose and de novo diabetes Table 4 (all P , 0.001). In sexspecific analyses, the association with de novo diabetes in men and women remained significant with adjusted time-to-diagnosis curves shown in Figure 2 (Supplementary material online, Appendix, Table SD ).
For each 1 mmol/L increase in blood glucose, the adjusted HR for de novo diabetes diagnosis was 1.14 (95% CI 1.12-1.16, P , 0.001), differing marginally by sex (P-interaction ¼ 0.046). For each 1 mmol/L increase in presentation blood glucose, the HR for de novo diabetes was 1.18 (95% CI 1.14-1.23) in men and 1.13 (95%CI; 1.10-1.16) in women (both P , 0.001). There were no other significant clinical subgroup interactions for de novo diabetes (Figure 3) .
For every 30 patients whose presentation blood glucose was .6.1 -7.8 mmol/L, 14 patients .7.8 -9.4 mmol/L, 9 patients .9. 
Sensitivity analyses
When patients who were discharged from the ED (n ¼ 5791, 65.7%) were excluded from the analysis, the results remained comparable (Supplementary material online, Appendix, Tables SF and SG).
Discussion
In this large, population-based cohort of patients presenting to an ED with AHFS, we found that presentation blood glucose exceeding 11.1 mmol/L in patients with pre-existing diabetes was associated with increased risk of 30-day all-cause death and diabetes-related hospitalizations. In patients without pre-existing diabetes, the risks of 30-day all-cause and cardiovascular mortality were increased, beginning to rise within normoglycaemia (.6.1 mmol/L). By 1 year, mortality risk remained elevated, albeit attenuated among those without pre-existing diabetes. A presentation blood glucose exceeding 9.4 mmol/L was also associated with increased risks of HF and cardiovascular hospitalization. Furthermore, presentation blood glucose at the upper-end of normoglycaemia was associated with over 1.6-fold risk of de novo diabetes while higher values conferred up to 4-fold risk of a new diabetes diagnosis in both men and women. Two recent studies examining the association between blood glucose and mortality among patients with AHFS demonstrated contrasting results. In a large cohort of elderly Medicare beneficiaries, there was no significant association between presentation blood glucose .6.1 and 30-day mortality. 3 Those with co-morbid conditions, such as end-stage renal disease, valvular heart disease, cirrhosis, Presentation blood glucose and acute heart failure immunosuppression, and cancer, accounted for 16% of the analysable population but were excluded. In contrast, a large multinational European and North American cohort found a strong association between 30-day mortality and blood glucose elevation, defined as .7 mmol/L, in patients without diabetes and .10 mmol/L in diabetes patients. 4 The differences between studies may in part, be explained by variations in demographics and co-morbidities between the three cohorts. Our population-based sample was older with more co-morbid coronary artery disease, renal impairment, and COPD than the latter study, 4 but younger with fewer of the above comorbidities than the former. 3 Diabetes is associated with increased mortality risk and significant morbidity, including hospitalizations for diabetes-related complications. 23 Effective primary care offers the potential to prevent diabetes-related hospitalizations and early detection of high-risk patients may further reduce this risk. 24 Our results indicate that blood glucose concentration at hospital presentation is prognostically important in patients with AHFS, as demonstrated by higher risk of early mortality and increased risk of diabetes-related hospitalizations in longer-term follow-up among diabetes patients. Hyperglycaemia at the time of AHFS presentation may be a surrogate for the severity of the acute inflammatory state or a marker of poor outpatient glycaemic control. Interestingly, unadjusted 30-day mortality rates were higher amongst those without pre-existing diabetes, suggesting that hyperglycaemia may have been better recognized and treated when diabetes was a known condition prior to admission. Diabetes is an established risk factor for HF, but it has not previously been reported that HF predisposes to de novo diabetes. 25 Chronic HF is characterized by loss of skeletal muscle, which is the major site of glucose utilization, promoting an insulin resistant state. 26 Insulin resistance may be further exacerbated by the pro-inflammatory state associated with HF. 27 Physiologic studies have shown that worse NYHA functional status in HF patients without diabetes is associated with higher fasting glucose and insulin levels compared with patients with less severe symptoms. 28 Clinical studies also support the notion that HF and particularly worse functional status (NYHA class III -IV symptoms) is associated with increased risk of new-onset diabetes. 29, 30 We present a novel finding in AHFS, demonstrating an association between elevated blood glucose at presentation with subsequent incident diabetes. Our findings are consistent with other studies in different clinical populations such as critically ill patients, 31 and men with AMI 32 where a blood glucose exceeding 7.8 mmol/L was predictive of subsequent diabetes risk. Unlike the latter study conducted primarily in men, 32 the relationship we observed was present in men and women with AHFS at an even lower blood glucose threshold of 6.1 mmol/L, irrespective of antecedent HF or myocardial infarction. Based on our cohort, a lower blood glucose threshold of 6.1 mmol/L, rather than 7.8 mmol/L, has substantial implications because this more stringent criterion for normalcy identifies an additional 30% of patients at risk of future diabetes for whom heightened surveillance may be warranted. Our findings have several important implications for clinical practice. Thirty-day mortality is high in AHFS and interventions to reduce this risk are needed. Blood glucose at ED presentation identifies a large group of patients with diabetes and HF who are at risk of further deterioration because of poor glycaemic control or insulin resistance, and in non-diabetes patients, may allow for earlier recognition and monitoring for the development of incident disease. Examination of presentation blood glucose may allow for more timely primary and secondary intervention strategies to prevent future diabetes-related hospitalizations and complications. In patients with AMI, a blood glucose exceeding 7.8 mmol/L in nondiabetic patients was found to be predictive of future diabetes risk. 32 The European Society of Cardiology now recommends that all patients presenting with AMI and any degree of hyperglycaemia be tested for diabetes prior to discharge. 33 Our findings extend the relationship to AHFS and add further strength to the HF guideline recommendations of the need for measurement of blood glucose and its prognostic importance. 34 Thus, blood glucose at presentation may serve as a screen to identify high-risk patients who warrant formal testing for diabetes allowing for prompt referral to prevent further morbidity and mortality. Our study is not without limitations. We examined presentation blood glucose and did not use alternative metrics, such as mean in-hospital glucose, to evaluate hyperglycaemia. Others, however, have shown the incremental benefit of such metrics is marginal. 32 Ascertainment of de novo diabetes was clinically dependent, and thus diagnostic testing was at the discretion of the caring physician, rather than protocol driven. However, clinically driven screening likely attenuated the observed association between presentation blood glucose and de novo diabetes. Haemoglobin A1C is not routinely performed in hospital, and it is conceivable that some diabetes patients may have been classified as non-diabetic if they had normal levels of blood glucose but elevated (and unmeasured) haemoglobin A1C. Additionally, discharge blood glucose was not collected in our study, which may have explained further outcome variations when added to presentation measures. However, the effects of both of the above limitations would be attenuation of our estimated hazard ratios, and availability of these measures would likely have resulted in greater magnitude of effect. Finally, due to small numbers with presentation blood glucose ,3.9 or .33.3 mmol/L, a robust analysis of these patients could not be performed.
In conclusion, among AHFS patients without prior diabetes, modestly elevated blood glucose (.6.1 mmol/L) at ED presentation conferred higher risks of early all-cause and cardiovascular mortality and de novo diabetes diagnosis. Among diabetes patients presenting with AHFS, a blood glucose exceeding 11.1 mmol/L, was associated with higher risks of early mortality and long-term diabetes-related hospitalization. The acute measurement of blood glucose at HF presentation provides prognostic value and may be a potential target to improve outcomes in patients with AHFS.
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